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ABSTRACT
We present the afterglow light curves produced by the deceleration of the non-relativistic ejecta mass in a
stratified circumstellar medium with a density profile n(r) ∝ r−k with k = 0, 1, 1.5, 2 and 2.5. Once the
ejecta mass is launched with equivalent kinetic energy parametrized by E(> β) ∝ β−α (where beta is the
ejecta velocity) and propagates into the surrounding circumstellar medium, it first moves with constant veloc-
ity (the free-coasting phase), and later it decelerates (the Sedov-Taylor expansion). We present the predicted
synchrotron and synchrotron-self Compton light curves during the free-coasting phase, and the subsequent
Sedov-Taylor expansion. In particular cases, we show the corresponding light curves generated by the decel-
eration of several ejecta masses with different velocities launched during the coalescence of binary compact
objects and the core-collapse of dying massive stars which will contribute at distinct timescales, frequencies,
and intensities. We find that before the radiation escapes from the kilonova (KN) and produces a peak in the
light curve, the KN afterglow ejecta is very weak and the corresponding ejecta velocity moves as ∝ t− 2α+1 .
Finally, using the multi-wavelength observations and upper limits collected by a large campaign of orbiting
satellites and ground telescopes, we constrain the parameter space of both the KN afterglow in GW170817 and
the possibly generated KN afterglow in S190814bv. Further observations on timescales of years post-merger
are needed to derive tighter constraints.
Subject headings: Gravitational waves - merger: black holes, neutron stars — Physical data and processes:
radiation mechanism: nonthermal — ISM: general — Gamma-rays bursts: individual (GRB
170817A)
1. INTRODUCTION
Long-duration gamma-ray bursts (lGRBs; T90 & 2 s; Kou-
veliotou et al. 1993) are connected with the core-collapse
(CC) of dying massive stars (Woosley 1993; Galama et al.
1998) that lead to supernovae (SNe; Bloom et al. 1999;
Woosley and Bloom 2006). Short-duration GRBs (sGRBs;
T90 . 2 s) are associated with the coalescence of binary
compact objects (NS-NS or BH-NS)1 that lead to kilono-
vae2 (KNe; Li and Paczyn´ski 1998; Rosswog 2005; Met-
zger et al. 2010; Kasen et al. 2013; Metzger 2017). The
dying massive stars and the coalescence of binary compact
objects are believed to launch considerable amounts of ma-
terials with broad ranges of velocities. In the framework
of the coalescence of NS-NS mergers, non-relativistic ejecta
masses with velocities in the range 0.03 . β . 0.8 (ex-
pressed, hereafter, in units of the speed of light) such as the
dynamical ejecta, the cocoon material, the shock breakout
material and the wind ejecta are launched (e.g., see Dessart
et al. 2009; Metzger and Ferna´ndez 2014; Ferna´ndez et al.
† nifraija@astro.unam.mx
1 NS corresponds to neutron star and BH to black hole.
2 A fairly isotropic thermal transient powered by the radioactive decay of
rapid neutron capture process nuclei and isotopes
2015; Kyutoku et al. 2014; Metzger et al. 2015; Nagakura
et al. 2014; Murguia-Berthier et al. 2014; Lazzati et al. 2017,
2018; Goriely et al. 2011; Hotokezaka et al. 2013; Bauswein
et al. 2013; Wanajo et al. 2014). In the framework of CC-
SNe (depending on the type of SN association), several ejecta
masses with non-relativistic velocities less than β . 0.3 have
been reported (e.g., see Modjaz et al. 2020; Izzo et al. 2020;
Nicholl et al. 2020; Izzo et al. 2019; Gal-Yam 2017; Valenti
et al. 2008; Kulkarni et al. 1998; Bloom et al. 1999; Woosley
and Bloom 2006). While the inferred mass of the ejecta
for the first GRB/SN association (GRB 980425/SN1998bw;
Kulkarni et al. 1998) was 10−5M with a velocity of β ∼
0.2 − 0.3, the inferred mass for the first GRB/KN associ-
ation (GRB 170817A/AT2017gfo; Coulter et al. 2017) was
10−4 − 10−2M, ejected with a velocity of β ∼ 0.1 − 0.3
(Arcavi et al. 2017; Cowperthwaite et al. 2017; Nicholl et al.
2017; Metzger 2019).
Chevalier (1982) studied the interaction of an adiabatic flow
in a circumstellar density profile for type II SNe of the form
n(r) ∝ r−2. Such a power law has since been the usual con-
vention and it has been used in following papers for different
types of SNe, such as those by Kotak et al. (2004), Cheva-
lier (1984), Soderberg et al. (2006) and Blondin et al. (1996),
amongst others. Nevertheless, in a more recent study, Moriya
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2and Tominaga (2012) showed that the spectral diversity of
type II luminous SNe may be explained by the diversity in the
density slope of the surrounding dense wind. To this effect,
they proposed a wind density structure with a profile ∝ r−k
and noticed that the ratio of the diffusion timescale in the op-
tically thick region of the wind and the shock propagation
timescale after the shock breakout have a strong dependence
on the stratification parameter k which led to differences in
the SN spectral evolution.
The interaction of the ejecta mass with the surrounding cir-
cumburst medium in the non-relativistic regime has been pro-
posed to describe the multi-wavelength afterglow observa-
tions in timescales from days to several years (e.g., see Wi-
jers et al. 1997; Dai and Lu 1999; Huang et al. 1999; Livio
and Waxman 2000; Huang and Cheng 2003; Sironi and Gian-
nios 2013; Barniol Duran and Giannios 2015). Metzger and
Bower (2014) and Fong et al. (2016) considered the material
launched during the coalescence of binary compact objects
and computed the synchrotron emission in the radio bands.
The authors assumed a free-coasting phase, and the subse-
quent Sedov-Taylor expansion. Tan et al. (2001) considered
that the kinetic energy of the shock wave could be described in
terms of a power-law (PL) velocity distribution. Henceforth,
several authors have considered that the material launched
during the coalescence of binary compact objects and the CC-
SNe may be described by a PL velocity distribution (e.g., see
Bauswein et al. 2013; Kyutoku et al. 2014; Hotokezaka and
Piran 2015; Barniol Duran et al. 2015; Metzger 2017; Moo-
ley et al. 2018b; Fraija et al. 2019e; Kathirgamaraju et al.
2019; Metzger 2019; Lazzati et al. 2012; Horesh et al. 2013;
Margutti et al. 2013, 2014). In the context of the coalescence
of a NS binary, for instance, Fraija et al. (2019e) and Kathirga-
maraju et al. (2019) assumed a PL distribution for the energy
of the shock breakout (the outermost matter) and the kilonova
material in GW170817, and calculated the non-thermal emis-
sion generated by the interaction of these materials with the
uniform-density medium. In the case of dying massive stars,
for example, Lazzati et al. (2012) presented a set of numeri-
cal simulations of stellar explosions induced by outflows and
compared the results with observational properties of type Ibc
SNe as a function of the equivalent kinetic energy and veloc-
ity of the ejecta.
In this paper, we present, based on analytic arguments, a the-
oretical model that predicts the multi-wavelength afterglow
emission generated by the deceleration of the non-relativistic
ejecta mass in a circumstellar medium with profile n(r) ∝
r−k. Once the ejecta mass propagates into the circumstel-
lar medium, it first moves with a constant velocity, and later,
when the swept up quantity of material is similar to the ejected
mass, it begins to decelerate. During these stages, electrons
are accelerated in the forward shocks, and are cooled down by
synchrotron and synchrotron-self Compton (SSC) processes.
We present the predicted synchrotron and SSC light curves
for k = 0, 1, 1.5, 2 and 2.5 that cover several ejecta masses
launched during the coalescence of binary compact objects
and the CC-SNe. Particularly, with the multi-wavelength ob-
servations and upper limits collected by a large campaign of
orbiting satellites and ground telescopes, we constrain the pa-
rameter space of both the KN afterglow in GW170817 and the
possibly generated KN afterglow produced by the coalescence
of a BH-NS system in S190814bv. The paper is organized
as follows: In Section 2, we introduce the theoretical model
that predicts the multi-wavelength afterglow emission gener-
ated by the deceleration of the non-relativistic ejecta mass. In
Section 3, we show the predicted synchrotron and SSC light
curves for a density profile with k = 0, 1, 1.5, 2 and 2.5. In
Section 4, we show the synchrotron and SSC light curves from
material launched during the coalescence of a NS binary. In
section 5, we discuss the non-relativistic ejected mass around
the KN emission. In section 6, we show the synchrotron and
SSC light curves from material launched during the CC-SNe.
In Section 7, we apply our model to two particular cases,
to GW170817 and S190814bv and finally in Section 8, we
present the discussion and summary. We adopt the conven-
tion Qx = Q10x in c.g.s. units and assume for the cosmo-
logical constants a spatially flat universe ΛCDM model with
H0 = 69.6 km s
−1 Mpc−1, ΩM = 0.286 and ΩΛ = 0.714
(Planck Collaboration et al. 2016). Prime and unprimed quan-
tities are used for the comoving and observer frames, respec-
tively.
2. AFTERGLOW LIGHT CURVES OF A NON-RELATIVISTIC EJECTA
MASS
In this section, we show the dynamics of the forward shocks
given by the deceleration of the ejecta mass in a density profile
n(r) = Ak r
−k withAk the density parameter and 0 ≤ k < 3.
We use analytical arguments in order to compute the syn-
chrotron and SSC light curves expected in the non-relativistic
regime. The synchrotron and SSC radiation is derived in the
fully adiabatic regime during the free-coasting and the decel-
eration phase assuming an electron distribution described by
dN/dγe ∝ γ−pe , for γe ≥ γm, where γm is the Lorentz fac-
tors of the lowest-energy electrons and p is the index of the
electron distribution. We only consider the dynamics of the
forward shocks instead of reverse shocks because electrons
accelerated in the reverse shocks generate short-lived emis-
sions and we are interested in describing emissions temporar-
ily extended in timescales from days to years.
Irrespective of the progenitor, non-relativistic materials with
a wide range of masses and velocities are launched into the
circumstellar medium. After a time t following the coales-
cence or collapse, a generic ejecta mass moves with a con-
stant velocity β and expands with a mean radius r ≈ βt
(e.g., see Kulkarni et al. 1998; Metzger 2019). The initial
expansion phase is not affected by the circumstellar medium,
but once the swept up quantity of material is as large as the
ejected mass, the ejecta begins to be decelerated (Rosswog
et al. 2014). During the deceleration phase, numerical sim-
ulations indicate that the velocity of matter in the front the
ejecta is faster than the one that moves in the back, so that
the ejecta acquires a velocity structure ∝ β−α with α the PL
index (e.g., see Rosswog et al. 2014; Tan et al. 2001).
2.1. The free-coasting phase
During the initial expansion, the ejecta mass is not affected
by the circumstellar medium (Rosswog et al. 2014), so the
velocity is constant β ∝ t0 and the radius evolves as r ∝ t.
2.1.1. Synchrotron emission
During the coasting phase, the post-shock magnetic field
evolves as, B′ ∝  12B A
1
2
k β
2−k
2 t−
k
2 where B is the micro-
physical parameter associated to the magnetic density. The
Lorentz factors of the lowest-energy electrons and of the
higher energy electrons, which are efficiently cooled by syn-
chrotron emission are
γm = γ
0
m g(p)e,−1 β
2
−0.5
3γc = γ
0
c
(
1 + z
1.022
)
(1 + Y )−1 −1B,−2 A
−1
k β
k−2
−0.5 t
k−1
6 , (1)
where Y is the Compton parameter (Sari and Esin 2001),
g(p) = p−2p−1 , e is the microphysical parameter associated
to the electron density and z is the redshift of a generic ob-
server located at 100 Mpc. Given the evolution of the syn-
chrotron frequencies as a function of the electron Lorentz fac-
tors νsyni ∝ γ2i for i = m and c, using eq. (1) the correspond-
ing synchrotron break frequencies can be written as
νsynm = ν
syn,0
m g
2(p)
(
1 + z
1.022
)−1
2e,−1 
1
2
B,−1A
1
2
k β
10−k
2
−0.5 t
− k
2
6
νsync = ν
syn,0
c
(
1 + z
1.022
)
(1 + Y )−2 
− 3
2
B,−2 A
− 3
2
k β
3k−6
2
−0.5 t
3k−4
2
6 . (2)
Taking into account that the peak spectral power evolves as
Pν,max ∝ (1 + z)−1 
1
2
B A
1
2
k β
2−k
2 t−
k
2 and the number of
swept-up electrons in the post-shock is Ne ∝ Akβ3−k t3−k,
the spectral peak flux density is given by
F synν,max = F
syn,0
ν,max
(
1 + z
1.022
)

1
2
B,−2 d
−2
z,26.5 A
3
2
k β
8−3k
2
−0.5 t
6−3k
2
6 , (3)
where dz = (1 + z) cH0
∫ z
0
dz˜√
ΩM(1+z˜)
3+ΩΛ
(Weinberg 1972) is
the luminosity distance with c the speed of light. The terms
γ0m, γ
0
c , ν
syn,0
m , ν
syn,0
c and F
syn,0
ν,max are given in Table 1 for
k = 0, 1, 1.5, 2 and 2.5.
Using the synchrotron break frequencies (eq. 2) and the spec-
tral peak flux density (eq. 3), the synchrotron light curves in
the fast- and the slow-cooling regime evolve as
F synν ∝

t
11−6k
3 ν
1
3 , ν < νsync ,
t
8−3k
4 ν−
1
2 , νsync < ν < ν
syn
m ,
t
8−k(p+2)
4 ν−
p
2 , νsynm < ν ,
(4)
and
F synν ∝

t
9−4k
3 ν
1
3 , ν < νsynm ,
t
12−k(p+5)
4 ν−
p−1
2 , νsynm < ν < ν
syn
c ,
t
8−k(p+2)
4 ν−
p
2 , νsync < ν ,
(5)
respectively.
2.1.2. SSC emission
The electron distribution accelerated during the forward
shock up-scatters synchrotron photons, yielding the SSC
spectrum which is characterized by the break frequencies
νssci ∼ γ2i νsyni with i = m and c. The corresponding SSC
break frequencies are given by
hνsscm = ν
ssc,0
m g
4(p)
(
1 + z
1.022
)−1
4e,−1 
1
2
B,−2A
1
2
k β
18−k
2
−0.5 t
− k
2
6
hνsscc = ν
ssc,0
c
(
1 + z
1.022
)3
(1 + Y )−4 
− 7
2
B,−2 A
− 7
2
k β
7k−14
2
−0.5 t
− 7k−8
2
6 .(6)
The spectral peak flux density of SSC emission F sscmax ∼
4
3g(p)σTAkr
1−k F synmax, with σT the Thomson cross section
is given by
F sscν,max = F
ssc,0
ν,max g(p)
−1
(
1 + z
1.022
)

1
2
B,−2 d
−2
z,26.5 A
5
2
k β
5(2−k)
2
−0.5 t
8−5k
2
6 .
(7)
The terms of νssc,0m , ν
ssc,0
c and F
ssc,0
ν,max are given in Table 1 for
k = 0, 1, 1.5, 2 and 2.5.
Using the SSC break frequencies (eq. 6) and the spectral peak
flux density (eq. 7), the SSC light curves in the fast- and slow-
cooling regime evolve as
F sscν ∝

t
16−11k
3 ν
1
3 , ν < νsscc ,
t
8−3k
4 ν−
1
2 , νsscc < ν < ν
ssc
m ,
t
8−k(p+2)
4 ν−
p
2 , νsscm < ν ,
(8)
and
F sscν ∝

t
12−7k
3 ν
1
3 , ν < νsscm ,
t
16−k(p+9)
4 ν−
p−1
2 , νsscm < ν < ν
ssc
c ,
t
8−k(p+2)
4 ν−
p
2 , νsscc < ν ,
(9)
respectively.
2.2. The deceleration phase
During the deceleration phase, the ejecta acquires a veloc-
ity structure, the velocity of matter in the front of the ejecta is
faster than the one that moves in the back (Sari and Me´sza´ros
2000). Tan et al. (2001) studied the acceleration of the ejecta
mass with relativistic and sub-relativistic velocities. They
found that the equivalent kinetic energy in the non- and ultra-
relativistic limit can be expressed as a PL velocity distribution
given byEk(≥ β) ∝ β−5.2 for β  1 andEk(≥ βΓ) ∝ (βΓ)−1.1
for βΓ  1 (with Γ = √1/1− β2), respectively.3 Here, we
consider the non-relativistic regime, so the equivalent kinetic
energy distribution given by Ek(≥ β) = E˜ β−α with E˜ the
fiducial energy and the values 3 ≤ α ≤ 5.2 are used. We
adopt this range of values motivated by the numerical simula-
tions presented in Tan et al. (2001).
During this phase the dynamics of the non-relativistic ejecta
mass is described by the Sedov-Taylor solution. Then, the
velocity and the blast wave radius can be written as
β = β0
(
1 + z
1.022
) 3−k
α+5−k
A
− 1
α+5−k
k E˜
1
α+5−k
51 t
k−3
α+5−k
7 , (10)
and
r = r0
(
1 + z
1.022
)− α+2
α+5−k
A
− 1
α+5−k
k E˜
1
α+5−k
51 t
α+2
α+5−k
7 , (11)
respectively, where the fiducial energy (E˜) can be estimated
by calculating the term ∝ β2r3. From eq. (10) it can be
noticed that the deceleration time evolves as
tdec = t
0
dec
(
1 + z
1.022
)
A
1
k−3
k E˜
1
3−k
51 β
α+5−k
k−3
−0.5 . (12)
The terms r0 and t0dec are given in Table 1 for k = 0, 1, 1.5, 2
and 2.5. It is worth noting that for a uniform-density medium
(k=0) and α = 0, the velocity and blast wave radius derived
in Sironi and Giannios (2013) are recovered.
2.2.1. Synchrotron emission
During the deceleration phase, the post-shock magnetic
field evolves as, B′ ∝ t− 6+kα2(α+5−k) . The Lorentz factors of the
3 The polytropic index np = 3 is used.
4lowest-energy electrons and of the higher energy electrons,
which are efficiently cooled by synchrotron emission are
γm = γ
0
m
(
1 + z
1.022
) 2(3−k)
α+5−k
e,−1 A
− 2
α+5−k
k E˜
2
α+5−k
51 t
2(k−3)
α+5−k
7
γc = γ
0
c
(
1 + z
1.022
)− k+1+α(k−1)
α+5−k
(1 + Y )−1−1B,−2 A
− α+3
α+5−k
k
× E˜
k−2
α+5−k
51 t
k+1+α(k−1)
α+5−k
7 .(13)
The corresponding synchrotron break frequencies are given
by
νsynm = ν
syn,0
m
(
1 + z
1.022
) 20+k(α−6)−2α
2(α+5−k)
2e,−1 
1
2
B,−2 A
α−5
2(α+5−k)
k
× E˜
10−k
2(α+5−k)
51 t
− 30+k(α−8)
2(α+5−k)
7
νsync = ν
syn,0
c
(
1 + z
1.022
)− 8−2α+k(3α+2)
2(α+5−k)

− 3
2
B,−2 (1 + Y )
−2
×A−
3(α+3)
2(α+5−k)
k E˜
3(k−2)
2(α+5−k)
51 t
k(4+3α)−4α−2
2(α+5−k)
7 . (14)
Taking into account that the peak spectral power evolves as
Pν,max ∝ t−
6+kα
2(α+5−k) and the number of swept-up electrons
in the post-shock develops as Ne ∝ t
6−2k+α(3−k)
α+5−k , the spectral
peak flux density becomes
F synν,max =F
syn,0
ν,max
(
1 + z
1.022
) 4+2k−4α+3kα
2(α+5−k)

1
2
B,−2 d
−2
z,26.5 A
3α+7
2(α+5−k)
k
× E˜
8−3k
2(α+5−k)
51 t
6−4k+6α−3kα
2(α+5−k)
7 .(15)
The terms γ0m, γ
0
c , ν
syn,0
m , ν
syn,0
c and F
syn,0
ν,max are given in Ta-
ble 1 for k = 0, 1, 1.5, 2 and 2.5.
Using the synchrotron break frequencies (eq. 14) and the
spectral peak flux density (eq. 15), the synchrotron light
curves in the fast- and the slow-cooling regime are
F synν ∝

t
10−8k+11α−6kα
3(α+5−k) ν
1
3 , ν < νsync ,
t
10−4k+8α−kα
4(α+5−k) ν−
1
2 , νsync < ν < ν
syn
m ,
t
− 30p+kp(α−8)−8(α+5)+2k(α+6)
4(α+5−k) ν−
p
2 , νsynm < ν ,
(16)
and
F synν ∝

t
24+9α−2k(2α+5)
3(α+5−k) ν
1
3 , ν < νsynm ,
t
− 6(5p−2α−7)+k(16+p(α−8)+5α)
4(α+5−k) ν−
p−1
2 , νsynm < ν < ν
syn
c ,
t
− 30p+kp(α−8)−8(α+5)+2k(α+6)
4(α+5−k) ν−
p
2 , νsync < ν ,
(17)
respectively.
2.2.2. SSC emission
The corresponding SSC break frequencies and the spectral
peak flux density of SSC emission are given by
hνsscm = ν
ssc,0
m
(
1 + z
1.022
) 44+k(α−14)−2α
2(α+5−k)
4e,−1 
1
2
B,−2 A
α−13
2(α+5−k)
k
× E˜
18−k
2(α+5−k)
51 t
− 54+k(α−16)
2(α+5−k)
7
hνsscc = ν
ssc,0
c
(
1 + z
1.022
) 6α−7kα−6k−12
2(α+5−k)

− 7
2
B,−2 (1 + Y )
−4
×A−
7(α+3)
2(α+5−k)
k E˜
7(k−2)
2(α+5−k)
51 t
2+8k−8α+7kα
2(α+5−k)
7
F sscν,max =F
ssc,0
ν,max
(
1 + z
1.022
) 6k−6α+5kα
2(α+5−k)

1
2
B,−2 d
−2
z,26.5 A
5(α+3)
2(α+5−k)
k
× E˜
5(2−k)
2(α+5−k)
51 t
10−8k+8α−5kα
2(α+5−k)
7 . (18)
Using the SSC break frequencies and the spectral peak flux
density (eq. 18) , the SSC light curves in the fast- and slow-
cooling regime are
F sscν ∝

t
14−16k+16α−11kα
3(α+5−k) ν
1
3 , ν < νsscc ,
t
22−8k+8α−kα
4(α+5−k) ν−
1
2 , νsscc < ν < ν
ssc
m ,
t
76−54p−kp(α−16)+8α−2k(α+12)
4(α+5−k) ν−
p
2 , νsscm < ν ,
(19)
and
F sscν ∝

t
42−20k+12α−7kα
3(α+5−k) ν
1
3 , ν < νsscm ,
t
74−54p+16α−k(32+p(α−16)+9α)
4(α+5−k) ν−
p−1
2 , νsscm < ν < ν
ssc
c ,
t
76−54p−kp(α−16)+8α−2k(α+12)
4(α+5−k) ν−
p
2 , νsscc < ν ,
(20)
respectively.
3. ANALYSIS OF THE MULTI-WAVELENGTH LIGHT CURVES
3.1. Analysis of synchrotron light curves
Figures 1 - 5 show the predicted synchrotron light curves
produced by the deceleration of the non-relativistic ejecta in
a circumstellar medium described by a density profile Akr−k
with k = 0, 1, 1.5, 2 and 2.5, respectively. Panels from top to
bottom correspond to the electromagnetic bands in radio at 6
GHz, optical at 1 eV and X-rays at 1 keV for E˜ = 1051 erg,
B = 10
−2, e = 10−1 and dz = 100 Mpc. The left-hand
panels show the light curves for p = 2.6 with α = 3, 4 and
5, and the right-hand panels show the light curves for α = 3
with p = 2.2, 2.8 and 3.4. All the figures lie in the slow-
cooling regime and exhibit a deceleration timescale from sev-
eral months to a few years due to the set of parameter values
considered. Similar timescales have been observed in the light
curves from radio to hard X-rays in some SNe (e.g., SN2014C
and SN2016aps; Margutti et al. 2017; Nicholl et al. 2020, re-
spectively.). If we had chosen another set of parameters such
as a fiducial energy E˜ ' 1052 erg, a uniform-density medium
A0 ' 10 cm−3 and equipartition parameters e ' 0.5 and
B ' 0.1, the synchrotron light curves would lie in the fast-
cooling regime. Consequently, using a set of parameters such
as E˜ ' 1047 erg,A2 ' 3×1035 cm−1 and β = 0.5 for k = 2,
and E˜ ∼ 1047 erg, A0 ' 1 cm−3 and β = 0.5 for k = 0, de-
celeration timescales from hours to months would have been
obtained. This is also the case, for instance, where the ejecta
mass is decelerated in a very dense medium (for discussion,
see Chevalier and Irwin 2011; Nicholl et al. 2020).
The density profile of n(r) = Akr−k with k = 0, 1, 1.5, 2 and
2.5 for the circumstellar medium that covers short and long
GRB progenitors is used. While the uniform-density medium
(k = 0) is expected to be connected with binary compact ob-
jects and CC-SNe, the stratified medium (1 ≤ k ≤ 2.5) is
only expected to be associated to dying massive stars with
different mass-loss evolution. For instance, Yi et al. (2013)
studied the dynamics of synchrotron external-shock emission
in a sample of 19 lGRBs and found that they were success-
fully described when the outflow was decelerated in an ex-
ternal environment with 0.4 ≤ k ≤ 1.4. Izzo et al. (2020)
presented multi-wavelength observations of the nearby SN
2020bvc. The authors found that the X-ray observations were
consistent with the afterglow emission generated by an off-
axis jet with viewing angle of 23◦ when it was decelerated in
a circumburst medium with a density profile with k = 1.5.
5Figure 1 exhibits that during the coasting phase, the flux in-
creases gradually, and during the deceleration phase, depend-
ing on the values of α and p, a flattening or decrease in the
light curve is expected. Figures 2 - 5 show that for a density
profile with 1 < k ≤ 2.5 the rebrightening in the light curves
is not so evident. Therefore, a flattening or rebrightening at
timescales from months to years in the light curves together
with GW detection would be associated with the deceleration
of a non-relativistic ejecta launched during the coalescence
of binary compact objects or a CC-SN. Even a flattening or
rebrightening at timescales of days could be detected with ex-
treme values of circumstellar density or fiducial energy. Ad-
ditionally, it can be concluded that an observed flux that de-
creases early would be associated with the deceleration of a
non-relativistic ejecta launched by dying massive stars with
different mass-loss evolution (the mass loss rate M˙ and/or the
wind velocity vw) at the end of their life (Ramirez-Ruiz et al.
2005; van Marle et al. 2006).
The synchrotron light curve in the slow-cooling regime as
a function of the density parameter during the deceleration
phase is given by
F synν ∝

A
4α+13
3(α+5−k)
k , ν < ν
syn
m ,
A
19+p(α−5)+5α
4(α+5−k)
k , ν
syn
m < ν < ν
syn
c ,
A
p(α−5)+2(α+5)
4(α+5−k)
k , ν
syn
c < ν .
(21)
The predicted flux is less sensitive to the density parameter
for higher frequencies than for the lower ones (e.g., the radio
light curve is more sensitive to variations of the density
parameter than the X-ray light curve). It can also be noticed
that the predicted flux is more sensitive to the density
parameter for larger values of k and α. It is worth noting that
a transition phase from stellar-wind (k=2) to uniform-density
(k=0) medium would be more evident in lower-frequency
fluxes (e.g., this transition is more noticeable in radio or
optical than in X-ray bands). A similar signature was useful
to describe the type of the progenitor, the mass-loss evolution,
the afterglow emission by the deceleration of the relativistic
jet, and also to estimate the transition radius at ∼ (0.1 − 1)
pc of some bursts (e.g. see GRB 050319, 080109A, 160625B
and 190114C; Kamble et al. 2007; Jin et al. 2009; Fraija et al.
2017, 2019c).
Figures 1 - 5 show the synchrotron light curves for distinct
values of p and α, and the same values of the microphysical
parameters B = 10−2 and e = 10−1. However, any
variation of the microphysical parameters will increase or
decrease the predicted fluxes. For example, the synchrotron
light curve in the slow-cooling regime as a function of
these parameters evolves as F synν :∝ −
2
3
e 
1
3
B for ν < ν
syn
m ,
∝ p−1e 
p+1
4
B for ν
syn
m < ν < ν
syn
c and∝ p−1e 
p−2
4
B for ν
syn
c < ν.
The expected flux is more sensitive to the parameter B for
lower frequencies than for higher ones, and the parameter e
for higher frequencies than for lower ones.
The synchrotron spectral breaks during the non-relativistic
regime evolve as νsynm ∝ t−
k
2 and νsync ∝ t
3k−4
2 in the coast-
ing phase, and νsynm ∝ t−
30+k(α−8)
2(α+5−k) and νsync ∝ t
k(4+3α)−4α−2
2(α+5−k)
in the deceleration phase. For instance, these breaks evolve
as νsynm ∝ t0 and νsync ∝ t−2 in the coasting phase and
νsynm ∝ t−3 and νsync ∝ t−
1
5 in the deceleration phase for
a uniform-density medium, and νsynm ∝ t−1 and νsync ∝ t
in the coasting phase and νsynm ∝ t−
7
3 and νsync ∝ t in the
deceleration phase for a stellar-wind medium. Here, we
present a valuable tool to pinpoint the emission from the non-
relativistic ejecta as previously done by Giblin et al. (1999)
in the case of the relativistic regime. Giblin et al. (1999)
analyzed the prompt gamma-ray emission in the BATSE4
detected burst GRB 980923. The light curve exhibited a main
prompt episode lasting∼ 40 s followed by a smooth emission
tail that lasted ∼ 400 s. The authors found that the spectrum
in the smooth tail evolved as the synchrotron cooling break
∝ t−0.52±0.12, concluding that the afterglow began during
the prompt gamma-ray emission. Afterward, spectra analysis
of GRB tails were done in order to identify early afterglows
(e.g., see Barthelmy et al. 2005; Yamazaki et al. 2006).
3.2. Analysis of SSC light curves
Figure 6 shows the predicted SSC light curves at 100 keV
(upper), 10 GeV (medium) and 100 GeV (lower) for the
deceleration of the non-relativistic ejecta mass in a circum-
stellar medium with a density profile Akr−k with k = 0,
1, 1.5, 2 and 2.5, respectively. The left-hand panels show
the light curves for p = 2.4 and α = 3, and the right-hand
panels for p = 2.8 and α = 5. In order to obtain the SSC
light curves, we use the same typical values that are used for
the synchrotron light curves. The effect of the extragalactic
background light (EBL) absorption modelled in Franceschini
and Rodighiero (2017) is used.
The purple solid line (k = 0) in Figure 6 shows that a
flattening or rebrightening in the light curve is expected,
but not in a density profile with k > 1. This feature at
timescales from months to years together with GW detection
would be associated with the deceleration of a non-relativistic
ejecta launched during the coalescence of a binary compact
object or a CC-SN. On the contrary, it is expected that an
observed flux that decreases early would be associated with
the deceleration of a non-relativistic ejecta launched in the
collapse of massive stars with different mass-loss evolution
at the end of their life (Ramirez-Ruiz et al. 2005; van Marle
et al. 2006).
The SSC light curve in the slow-cooling regime as a function
of the density parameter during the deceleration phase can be
written as
F sscν ∝

A
29+7α
3(α+5−k)
k , ν < ν
ssc
m ,
A
43+p(α−13)+9α
4(α+5−k)
k , ν
ssc
m < ν < ν
ssc
c ,
A
22−13p+2α+αp
4(α+5−k)
k , ν
ssc
c < ν .
(22)
This light curve has a similar behavior to the synchrotron
light curves.
Inverse Compton (IC) scattering between an electron dis-
tribution accelerated during the shock wave and the photon
field from SNe has been explored in order to explain the
X-ray emission observed in timescales of days after the
explosion (Bjo¨rnsson and Fransson 2004; Chevalier and
Fransson 2006; Chevalier et al. 2006; Margutti et al. 2013).
Bjo¨rnsson and Fransson (2004) studied the X-ray and radio
emission from SN 2002ap. The authors proposed that IC
scattering could explain the X-ray excess observed at late
times. They computed that the IC spectrum six days after
the explosion peaks at energies of some MeV. Chevalier and
Fransson (2006) found that although the IC emission could
reproduce the X-ray flux observed in SN2002ap for a spectral
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6index of p = 3, this process is not promising for other SNe
unless the electron energy density is much larger than the
magnetic energy density. On the other hand, Margutti et al.
(2012) introduced an analytic formalism for the IC scattering
in the X-ray energy range and in the SN scenario with
compact progenitors. They showed that the IC luminosity
evolves as ∝ t1.29−0.58p for a uniform-density medium and
∝ t−(0.24p+0.64) for a wind medium. In this paper, we
propose that in addition to the external IC scattering process,
the SSC mechanism could be present. Figure 6 shows that in
a density profile with k > 1, the SSC flux could be detected
in timescales of days with the evolution given by eqs. (19)
and (33). For instance, the SSC fluxes in the slow-cooling
regime evolve as ∝ t 4α+14α+5 for ν < νsscm , ∝ t
37−27p+8α
2(α+5)
for νsscm < ν < νsscc and ∝ t
38−27p+4α
2(α+5) for νsscc < ν for a
uniform-density medium, and as ∝ t
2(1−α)
3(α+3) for ν < νsscm ,
∝ t
5−α−p(α+11)
2(α+3) for νsscm < ν < νsscc and ∝ t
14−11p+α(2−p)
2(α+3) for
νsscc < ν for a stellar-wind medium, which have a different
evolution to the IC scattering model derived in Margutti et al.
(2012).
4. THE NON-RELATIVISTIC MASSES EJECTED FROM THE
COALESCENCE OF A NS BINARY
The coalescence of NS mergers is widely accepted to
launch significant masses with different velocities which will
contribute at distinct timescales, frequencies and intensi-
ties. Once these ejecta masses move into the circumstellar
medium, the initial expansion phase is not affected until the
swept up quantity of material is equal to the ejected masses.
In this moment, the ejecta masses start to be decelerated. The
non-relativistic masses ejected from the coalescence of the
NS merger are the dynamical ejecta, the cocoon material, the
shock breakout material and the wind ejecta. As follows we
give a brief introduction of each of these ejecta masses.
4.1. The dynamical ejecta
The dynamical ejecta is formed during the coalescence
due to hydrodynamical and gravitational interactions (Davies
et al. 1994; Ruffert et al. 1997; Rosswog et al. 1999). Based
on numerical simulations, the ejecta mass liberated, the ki-
netic energy and the velocities lie in the ranges of 10−4 .
Mej . 10−2 M, 1049 . E . 1051 erg and 0.1 . βΓ . 0.3,
respectively (e.g., see Goriely et al. 2011; Hotokezaka et al.
2013; Bauswein et al. 2013; Piran et al. 2013; Wanajo et al.
2014; Grossman et al. 2014).
4.2. The cocoon material
As the GRB jet makes its way through the neutrino-driven
or magnetically driven wind (previously ejected during the co-
alescence of the NS merger), it will deposit energy around its
way. The energy deposited laterally will form a cocoon which
may have an energy comparable to the electromagnetic emis-
sion created by the jet. Murguia-Berthier et al. (2014) studied
the necessary conditions for a cocoon production as a func-
tion of the jet luminosity. The authors found that when the
jet has a low or a high luminosity, a weak cocoon emission
is expected. Nagakura et al. (2014) numerically showed that
when a low-luminosity jet is considered, a hot cocoon confin-
ing the jet is formed. As soon as the relativistic jet reaches the
shock-breakout material, the cocoon breakouts and expands
along the jet’s axis. Beyond the breakout material, the ex-
ternal pressure decreases abruptly, so the cocoon can accel-
erate and expand relativistically until it becomes transparent.
Accelerated material from the cocoon fireball will continue
moving in the jet’s axis. The ejecta mass liberated in the co-
coon, the kinetic energy and the velocities lie in the ranges
of 10−6 . Mej . 10−4 M, 1047 . E . 1050.5 erg and
0.2 . βΓ . 10, respectively (e.g., see Nagakura et al. 2014;
Murguia-Berthier et al. 2014; Lazzati et al. 2017, 2018; Nakar
and Piran 2017; Gottlieb et al. 2018).
4.3. The shock breakout material
The shock breakout material properties depend on the
mass, radius and velocity of the merger remnant. Imme-
diately after the coalescence occurs, a shock formed at the
interface between the two NSs is initially ejected from the NS
core to the NS crust at sub-relativistic velocities (βin ' 0.25
e.g., see Kyutoku et al. 2014; Metzger et al. 2015). Once
the shock reaches half of the escape velocity, a fraction of
the thermal energy is converted into kinetic energy and it
can leave the merger (for details see Kyutoku et al. 2014;
Fraija et al. 2019e). Numerical simulations indicate that the
ejecta mass, the kinetic energy and the velocities lie in the
ranges of 10−6 . Mej . 10−4 M, 1047 . E . 1050.5 erg
and βΓ & 0.8, respectively (e.g., see Kyutoku et al. 2014;
Metzger et al. 2015).
4.4. The disk wind ejecta
The coalescence of the NS binary will finish in a tidal
disruption, resulting in the formation of an accretion disk
around the central remnant. The accretion disk will have
a mass in the range of 10−3 . Mej . 0.3 M (Shibata
and Taniguchi 2006; Hotokezaka et al. 2013), and due to a
large source of thermal neutrinos (Popham et al. 1999), it
could generate an outflow driven by neutrino heating similar
to neutrino driven proto-NS winds in CC-SNe (Surman
et al. 2008; Metzger et al. 2008). It represents a significant
source of ejecta mass that might even dominate over other
ejecta masses. The ejecta mass, the kinetic energy and the
velocities lie in the ranges of 10−4 . Mej . 10−1.3 M,
1047 . E . 1050 erg and 0.03 . βΓ . 0.1, respectively
(e.g., see Dessart et al. 2009; Metzger and Ferna´ndez 2014;
Ferna´ndez et al. 2015).
4.5. Analysis of the multi-wavelength light curves
Figure 7 shows the synchrotron and SSC light curves gen-
erated by the non-relativistic masses ejected from the coales-
cence of a NS binary such as the dynamical ejecta, the cocoon
material, the shock breakout material and the wind ejecta.5
In addition, we consider the synchrotron and SSC emission
from an on-axis and off-axis relativistic jet with viewing an-
gles of θ = 15◦, 30◦ and 60◦.6 The light curves correspon-
dent to the off-axis jet are plotted in accordance with the after-
glow model introduced in Fraija et al. (2019d). The left-hand
5 The pair of values (E˜ = 1050 erg;β = 0.2) is used for the dynami-
cal ejecta, (1048 erg; 0.3) for the cocoon material, (1048.5 erg; 0.8) for the
shock breakout material and (1050 erg; 0.07) for the wind. All light curves
are shown for n = 1 cm−3, α = 3, B = 10−2, e = 10−1, p = 3.2 and
dz = 100Mpc.
6 The values of E˜ = 1050 erg, B = 10−2, e = 10−1, n =
10−2 cm−3, p = 2.2 and dz = 100Mpc are used for the relativistic jet.
7panels show the synchrotron light curves which correspond
to (from top to bottom) radio (1.6 GHz), optical (1 eV) and
X-ray (1 keV) bands, respectively, and the right-hand panels
show the SSC light curves which correspond to (from top to
bottom) gamma-ray fluxes at 100 keV, 10 GeV and 100 GeV,
respectively. The coalescence of the two NSs launches signif-
icant non-relativistic masses with different velocities which
will contribute at distinct timescales, frequencies and inten-
sities. These ejecta masses interact with the circumstellar
medium generating non-thermal emission. The predicted syn-
chrotron fluxes generated from: i) the shock breakout material
peak at timescales from hours to days, ii) the cocoon material
peak at timescales from weeks to months, iii) the dynamical
ejecta peak at years and iv) the disk wind ejecta peak at cen-
turies. Similar timescales with different intensities are shown
in the SSC light curves.
This figure shows that the afterglow emission originated from
the deceleration of the on-axis relativistic jet would have to
decrease so that the dynamical ejecta, the cocoon material,
the shock breakout material and the wind ejecta could be ob-
served. In our model, the afterglow emission from the dy-
namical and the wind ejecta are exhibited as X-ray, optical or
radio flares, and from the shock breakout and cocoon material
as tails. This figure displays that the shock breakout mate-
rial can be observed during early times for a relativistic jet
with viewing angle larger than θ > 60◦. Murguia-Berthier
et al. (2014); Nagakura et al. (2014) estimated the necessary
conditions for sGRB production in the coalescence of the NS
binary. In the case that such conditions are not satisfied, a
relativistic jet is not expected and the dynamical ejecta, the
cocoon material, the shock breakout material and the wind
ejecta could be observed since early times.
Because the shock breakout material is described with a ve-
locity of β = 0.8 (Metzger et al. 2015), the trans-relativistic
regime introduced in Huang et al. (1998) is used. In this
regime, the kinetic energy of the shock in the uniform-density
medium is given byEK = 4pi3 σmpc
2β2Γ2r3n (Blandford and
McKee 1976) with σ = 0.73−0.38β and r ≈ βt (Huang et al.
1998). Taking into account this regime, the equivalent kinetic
energy distribution will be E = E˜ (βΓ)−α, and the decelera-
tion time becomes
tdec =
(
3
4piσmpc5
) 1
3
(1 + z)A
− 13
0 E˜
1
3 β−
α+5
3 Γ−
α+2
3 .
(23)
In the trans-relativistic regime, the velocity obtained from eq.
(23) is used to find the synchrotron and SSC quantities. It is
worth noting that in the limit Γ → 1, the equations (10) and
(12) are recovered.
In the “deep Newtonian” regime the Lorentz factor of the
lowest-energy electrons is γm ' 2 (Sironi and Giannios 2013;
Kathirgamaraju et al. 2016; Margalit and Piran 2020). Using
eq. (13), the deceleration time in this regime becomes
tDN ' 2× 105 days
(
1 + z
1.022
)

α+5
6
e,−1A
− 13
0 E˜
1
3
51 , (24)
and the velocity of the ejecta is β ' 0.05. In this case
the characteristic break frequency evolves as νsynm ∝ t−
3
α+5 ,
the spectral peak flux density as F synν,max ∝ t
3(α−1)
α+5 and
the predicted flux evolves as Fν = F synν,max
(
ν
νm
)− p−1
2 ∝
t
− 3(1+p−α)
2(α+5) ν−
p−1
2 for νsynm < ν < νsync . Therefore, it is
worth noting that due to the range of velocities considered
(0.07 ≤ β ≤ 0.8) and the deceleration time scales, the “deep
Newtonian” regime is only required for the wind ejecta.
5. THE EARLY AFTERGLOW OF THE NON-RELATIVISTIC
EJECTED MASS AND THE KILONOVA EMISSION
Immediately after being launched, the ejecta from the co-
alescence, the temperature and the optical depth in it are so
high that radiation can hardly escape. The optical depth and
the diffusion timescale of photons are τ ' ρ kν r and td '
r
c τ , respectively, with kν the opacity and ρ = 3M/(4pir
3) the
average density. From the condition tdif = t (Arnett 1982)
the timescale at which the radiation escapes and produces a
peak in the light curve is
tpk ≡
(
3Mkν
4piαβ c
) 1
2
. (25)
where M is the ejecta mass. Following the coalescence, the
ejecta mass can be described as a PL distribution of velocities
Mβ = M
(
β
β0
)−α
for β > β0 with β0 the minimum velocity
(Metzger 2019). Taking into account that each mass layerMβ
with velocity β has an opacity kν,β , the diffusion timescale is
tdif,β ≈
3M
α+1
α
β kβ
4piαM
1
α β0 t c
. (26)
Equating tdif,β = t produces the mass depth from which the
photon flux peaks for each time t,
Mβ(t) =
{
M
(
t
tpk
) 2α
α+1
, t < tpk,
M t > tpk.
(27)
The term tpk is given by eq. (25) evaluated at β = β0. For
α = 3, the evolution of Mβ and the timescale given in Met-
zger (2019) are recovered.
From the evolution of the ejecta mass and the PL distribution,
the velocity around the flux peak evolves as
β(t) =
{
β0
(
tpk
t
) 2
α+1
, t ≤ tpk,
β0 t > tpk. .
(28)
In section 2, we described the evolution of velocity for
β(t) = β0, so now we will derive the dynamics around the
KN emission when the velocity of the ejecta material evolves
as β(t) ∝ t− 2α+1 .
Before the KN emission, the post-shock magnetic field
evolves as B′ ∝ t− 2α+1 , the electron Lorentz factors as
γm ∝ t− 4α+1 and γc ∝ t
3−α
α+1 , respectively, and the peak
spectral power as Pν,max ∝ t− 2α+1 . The corresponding syn-
chrotron break frequencies and the spectral peak flux density
can be written as
νsynm = 0.6× 106 Hz g(p)2
(
1 + z
1.022
)−1
2e,−1 
1
2
B,−1A
1
2
0 β
5
−0.5(
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(
t
0.5 day
) 10
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,
νsync = 2.1× 1018 Hz
(
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8 (
tpk
1 day
)− 6
α+1
(
t
0.5 day
) 2(2−α)
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,
F synν,max = 2.3× 10−5 mJy
(
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1.022
)
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) 8
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(
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) 3α−5
α+1
.(29)
The value ofA0 = 1 cm−3 as defined in Table 1 is used. With
the parameters involved, the synchrotron radiation lies in the
slow-cooling regime, νsynm < νR < νO < νX < ν
syn
c with
νR = 6 GHz, νO = 1 eV and νX = 1 keV. Using the syn-
chrotron break frequencies and the spectral peak flux density
(eq. 29), the predicted fluxes are
Fν =Fi g(p)
3−p
2
(
1 + z
0.022
) 3−p
2

p+1
4
B,−1 
p−1
e,−1A
p+5
4
0 β
5p+3
2(
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1 day
) 5p+3
α+1
(
t
0.5 day
) 3α−5p
α+1
ν
− p−12
i , (30)
with Fi=R,O,X given by FR = 1.5 × 10−7 mJy, FO =
4.3× 10−10 mJy and FX = 9.5× 10−12 mJy. The predicted
X-ray flux corresponds to an observed luminosity of LX '
1.2 × 1035 erg s−1 in the energy range of 0.3 - 10 keV for
ΓX = 1.7. This luminosity is very small in comparison with
the X-ray luminosity required to ionize∼ 10−3M of Fe-like
ejecta (LX & 1042 erg s−1; Margalit et al. 2018). It is worth
noting that from far UV to X-ray bands, bound-free transitions
dominate the opacity, preventing radiation from escaping the
ejecta (Metzger 2019). Similarly, the corresponding luminos-
ity at 1 eV is LO = 1.5×1033 erg s−1, which is far below the
predicted luminosity for KN (≈ 1039−1042 erg s−1; Metzger
2019).
The low opacity . 0.1 g−1 cm2 for energies larger than
& 100 keV implies that gamma-rays can hardly be thermal-
ized and hence escape from the ejecta material preceding the
NIR/optical peak. In this case, the predicted synchrotron ra-
diation for νsync < ν < νγ = 100 keV is
Fγ = 2.2× 10−13 mJy g(p)p−1
(
1 + z
1.022
) 4−p
2

p−2
4
B,−1 
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e,−1A
p+2
4
0
β
5p
2
−0.5
(
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1 day
) 5p
α+1
(
t
0.5 day
) 2α+2−5p
α+1
ν
− p−12
γ , (31)
which corresponds to an observed luminosity of
Lγ ' 3.5 × 1035 erg s−1 in the energy range of 10 -
1000 keV for ΓX = 1.7.
From eqs. (30) and (31), it can be seen that the pre-
dicted fluxes are very sensitive to the density of the medium.
For instance, if the homogeneous density medium increases
in one order of magnitude, the fluxes for νsynm < ν < ν
syn
c
will increase in two orders of magnitude for p ∼ 3. Fong
et al. (2015) inferred properties for a comprehensive catalog
of 103 sGRBs, covering 10 years (2004 November to 2015
March). The authors found that although sGRBs occur in
low-density environments, (5 − 20)% of sGRBs take place
in environments with densities n & 1 cm−3. Therefore,
considering a circumstellar density of 10 cm−3, the optical
and X-ray predicted flux would be LO ' 7.2 × 1034 erg s−1
and LX = 7.1× 1036 erg s−1, respectively.
Because of the low opacity for energies more energetic than
& 100 keV, it is relevant to derive the SSC fluxes. The
corresponding SSC break frequencies and the spectral peak
flux density are given by
hνsscm = 1.7× 10−7 g(p)4
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The SSC flux in the 100 - 1000 keV energy range evolves as
Fγ ∝ t
3+4α−9p
α+1 . We want to emphasize that photons larger
than 100 keV prior to the KN emission can be detected in a
component evolving as t
2α+2−5p
α+1 . Besides, it is relevant to
mention that a SSC process that releases photons with energy
greater than 100 keV would increases the opacity of the sys-
tem.
We stress that in the case of the KN ejecta mass, the evolution
of the velocity would be completely described by
β(t) ∝
 t
− 2
α+1 , t < tpk,
t0 tpk < t < tdec,
t−
3
α+5 tdec < t,
(33)
where the timescales tpk and tdec are given by eqs. (25) and
(12).
6. THE NON-RELATIVISTIC MASSES EJECTED FROM THE
CORE-COLLAPSES OF DYING MASSIVE STARS
The origin of lGRBs is widely accepted to be connected to
the death of massive stars leading to SNe, where the after-
glow emission from bursts is detected together with a type
Ic SN with broad lines (e.g., see Woosley and Janka 2005;
Cano et al. 2017). Sub-energetic GRBs are believed to be
quasi-spherical explosions dominated by the non-relativistic
ejecta mass. The non-relativistic material carries ≈ 99.9% of
the explosion energy, and the mildly relativistic ejecta only
≈ 0.1%. The energy carried by the non-relativistic ejecta
is similar to that exhibited by the sub-energetic bursts and
comparable to the most energetic type Ib/c SNe. Margutti
et al. (2014) showed the equivalent kinetic energy profile as
a function of ejecta mass velocity in the non-relativistic and
relativistic regime of ordinary type Ibc SNe, engine-driven
SNe (E-SNe), sub-E GRBs and relativistic SNe. The velocity
of the ejecta mass was divided into the non-relativistic phase
0.02 . β . 0.3, mildly relativistic Γβ ≈ 0.6 − 0.8 and
relativistic 2 . β . 20. It is worth noting that broadened
lines in their spectra, indicate that a diverse range of materials
with distinct non-relativistic expansion velocities are present
(e.g., OII, NII, SII, etc; Modjaz et al. 2020).
Depending on the range of values in the observables such
as luminosity, duration and bulk Lorentz factor, lGRBs
could be successful or choked (e.g., see MacFadyen et al.
2001; Me´sza´ros and Waxman 2001; Fraija 2014; Sobacchi
et al. 2017; Bromberg et al. 2011). For instance, choked
9GRBs might be more frequent than successful ones, only
limited by the ratio of SNe (types Ib/c and II) to lGRB rates
(Totani 2003; Ando and Beacom 2005). Some SN of type
Ic-BL not connected with GRBs have been suggested to
arise from events such as off-axis GRBs or failed jets (e.g.,
see Izzo et al. 2019, 2020; Beniamini et al. 2020) . This is
the case of the failed burst GRB 171205A, which besides
being associated to SN 2017iuk, exhibited material with high
expansion velocities β ∼ 0.4 interpreted as mildly relativistic
cocoon material (Izzo et al. 2019). Izzo et al. (2020) found
that the X-ray observations from the nearby SN 2020bvc
were consistent with the afterglow emission generated by an
off-axis jet with viewing angle of 23◦ when it decelerated in
a circumburst medium with a density profile with k = 1.5.
Figure 8 shows the synchrotron and SSC light curves
when the non-relativistic ejecta mass decelerates in a strat-
ified wind medium. The light curves correspondent to the
off-axis jet are plotted in accordance with the afterglow
model introduced in Fraija et al. (2019d). The left-hand
panels show the synchrotron light curves which correspond
to (from top to bottom) radio (1.6 GHz), optical (1 eV) and
X-ray (1 keV) bands, respectively, and the right-hand panels
show the SSC light curves which correspond to (from top to
bottom) gamma-ray fluxes at 100 keV, 10 GeV and 100 GeV,
respectively. This figure shows that the afterglow emission
originated from deceleration of the on-axis relativistic jet
would have to decrease so that the afterglow emission from
the non-relativistic ejecta could be observed.
In our model, the afterglow emission from the non-relativistic
ejecta in the radio band is observed as a flaring event while
the afterglow from the optical and X-ray bands is seem as
tails. This figure displays that, depending on the parameters
and the viewing angle, the afterglow emission from the non-
relativistic ejecta can be detected at early times. Similarly,
when the jet is choked, the afterglow emission from the
non-relativistic ejecta can be observed at early times.
The way to distinguish the electromagnetic emission between
the non-relativistic ejecta and the relativistic jet, for example,
could be done through the evolution of the synchrotron flux
derived in eqs. (4) and (5) for the coasting phase and in eqs.
(16) and (22) for deceleration phase.
In order to analyze the mildly relativistic SNe with velocities
in the range of Γβ ≈ 0.6−0.8 as SN 2012ap, the synchrotron
process in the trans-relativistic regime as discussed in Section
4.5 for the shock breakout material through eq. (23) would
be required.
7. THE NON-RELATIVISTIC EJECTA MASS AND THE KILONOVA
AFTERGLOW IN GW170817 AND S190814bv
The coalescence of NS-NS and BH-NS binaries is the
most natural candidate for the radiation of continuous GWs
(e.g., see Metzger 2017). These coalescences are predicted
to be accompanied by a kilonova (Li and Paczyn´ski 1998;
Rosswog 2005; Metzger et al. 2010; Kasen et al. 2013;
Metzger 2017). This transient is expected to be observed in
near-IR/optical/UV bands throughout a timescale from days
to weeks.
All coalescence of NS-NS, and only a fraction of BH-NS
binaries can unbind at least some extremely neutron-rich
material which is able to form heavy r-process nuclei. This
Lanthanide-bearing matter with high opacity is associated
with the “red” kilonova which is located inside the tidal tail in
the equatorial plane. The “blue” kilonova is associated with
the low-opacity ejecta free of Lanthanide group elements
which is located in the polar regions (Metzger and Ferna´ndez
2014; Perego et al. 2014; Wanajo et al. 2014; Miller et al.
2019). While the “red” kilonova is associated with a slow
ejecta material β ' 0.1, the “blue” KN is characterized by
being ejected with a faster velocity β ' 0.3.
In the following section, we give a brief introduction of multi-
wavelength observations, and also constrain the parameter
space of the faster “blue” kilonova afterglow in GW170817
and the KN afterglow possibly generated by the coalescence
of a BH-NS system in S190814bv.
7.1. Multi-wavelength observations
7.1.1. GW170817
On 2017 August 17, a GW signal (GW170817; Abbott
et al. 2017a,b) together with a faint gamma-ray counterpart
(GRB 170817A; Goldstein et al. 2017; Savchenko et al. 2017)
and kilonova emission were detected (Soares-Santos et al.
2017; Coulter et al. 2017; Cowperthwaite et al. 2017; Tan-
vir et al. 2017; Smartt et al. 2017; Gottlieb et al. 2018), for
the first time, identifying the coalescence of a binary NS sys-
tem. GRB 170817A exhibited observational evidence for ex-
tended emission in X-ray (Troja et al. 2017b; Margutti et al.
2018; D’Avanzo et al. 2018; Alexander et al. 2018), optical
(Lyman et al. 2018; Margutti et al. 2018) and radio (Abbott
et al. 2017b; Mooley et al. 2018b; Dobie et al. 2018; Troja
et al. 2017a) bands. About 11 hours post-merger, the optical
transient coincident with the quiescent galaxy NGC 4993 at a
distance of 40 Mpc (z ≈ 0.01) was associated with the kilo-
nova (AT2017gfo; Soares-Santos et al. 2017; Coulter et al.
2017; Cowperthwaite et al. 2017; Tanvir et al. 2017; Smartt
et al. 2017; Gottlieb et al. 2018).
The temporarily extended X-ray and radio emission was fitted
with a simple PL function which increased steadily as ∼ t0.8
(Margutti et al. 2018; Mooley et al. 2018b) to reach its max-
imum value around ∼140 days post-merger, then decreased
subsequently as t−p with p ≈ 2.2. A variety set of off-axis
jet models (with an opening angle . 5◦ and a viewing an-
gle . 28◦; Abbott et al. 2017a; Sobacchi et al. 2017; Evans
et al. 2017; Haggard et al. 2017; Mandel 2018) such as top-
hat jets (Troja et al. 2017b; Margutti et al. 2018; Alexander
et al. 2018, 2017; Fraija et al. 2019a,b), radially stratified out-
flows (Mooley et al. 2018b; Fraija et al. 2019e; Hotokezaka
et al. 2018) and structured outflows (Kasliwal et al. 2017b;
Lamb and Kobayashi 2017; Lazzati et al. 2018; Mooley et al.
2018a; Fraija et al. 2019d; Gottlieb et al. 2018; Kathirgama-
raju et al. 2018) were proposed to describe the temporarily
extended electromagnetic emissions.
In order to constrain the KN afterglow, we use the data points
displayed in Fraija et al. (2019d) and complemented with
those presented by Fong et al. (2019) in the optical F606W
filter, and by Hajela et al. (2019) and Troja et al. (2020) in
the energy range of 0.3 - 10 keV. Table 2 shows the latest
Chandra afterglow observations in units of erg cm−2 s−1 (0.3
- 10 keV) and mJy normalized at 1 keV. The data points in
erg cm−2 s−1 are taken from Hajela et al. (2019) and Troja
et al. (2020).
7.1.2. S190814bv
On 2019 August 14 the LIGO and Virgo interferometer
detected a GW signal (S190814bv; LIGO Scientific Collab-
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oration and Virgo Collaboration 2019a,b) associated with
a NS-BH merger located at a distance of 267 ± 52 Mpc
(Gomez et al. 2019). Immediately, S190814bv was followed
up by a large observational campaign that covered a large
fraction of the electromagnetic spectrum (e.g., see Andreoni
et al. 2020; Dobie et al. 2019; Watson et al. 2020; Ackley
et al. 2020; Vieira et al. 2020). No counts were registered in
any wavelengths and upper limits were reported.
Using the MegaCam instrument on the Canada-France-
Hawaii Telescope (CFHT), Ackley et al. (2020) placed
optical upper limits on the presence of any counterpart and
discussed the implications for the KN possibly being gener-
ated by the coalescence of the BH-NS system. They excluded
a KN with large ejecta mass & 0.1M, and, considering off-
axis jet models, the authors ruled out circumstellar densities
& 1 cm−3 for typical values of microphysical parameters.
Vieira et al. (2020) reported observational constraints on
the near-infrared (IR) and optical with the ElectromagNetic
counterparts of GRAvitational wave sources at the VERy
Large Telescope (ENGRAVE). They constrained the KN
ejecta mass to be . 1.5 × 10−2M for a “blue” KN, and
. 4×10−2M for a “red” KN. Gomez et al. (2019) reported
a Galaxy-targeted search for the optical emission with the
Magellan Baade 6.5 m telescope and ruled out the on-axis
typical jet of sGRBs. Dobie et al. (2019) presented upper
limits in the radio band with the Australian Square Kilometre
Array Pathfinder (ASKAP) and constrained the circumstellar
density and inclination angle of the system.
In order to constrain the KN afterglow, the upper limits on
radio at 935 MHz (Dobie et al. 2019), near-IR and optical at
the Ks and R filters (Ackley et al. 2020) and X-rays at 1 keV
(Evans et al. 2019) are considered.
7.2. Constraining the KN afterglow
Figure 9 shows the multi-wavelength observations of
GW170817 and S190814bv at the radio, optical and X-ray
bands with the synchrotron light curves shown in Figure 1
which are generated by the deceleration of the non-relativistic
ejecta in the homogeneous-density medium. Each colour
of the synchrotron light curves corresponds to the set of
parameter values reported in Section 3. In addition, we
include the synchrotron light curves at 3 GHz. The data
points with the upper limits in black correspond to the
observations performed for GW170817 and the upper limits
in gray correspond to S190814bv. Concerning GW170817,
the upper panels show the radio observations at 3 GHz (left)
and 6 GHz (right), and the lower panels show the optical
observations at the F606W filter and the X-ray observations
at 1 keV (right). We include the upper limits collected from
S190814bv on radio at 935 MHz (top left), near-IR and
optical at Ks and R filters (bottom left), respectively, and
X-rays at 1 keV (bottom right).
As indicated in Section 3, the synchrotron light curves are
shown for different values of p and α, and the same values of
A0, e and B. Therefore, any variation of these parameters
will increase or decrease the intensity of the observed flux in
radio, optical and X-ray bands. Given the multiwavelength
observations of GW170817 and S190814bv, we constrain
the parameter space of A0, α, e and B as a function of the
velocity β. In order to compare the density parameter of the
uniform density medium A0 found in this model with others,
hereafter we use the usual notation n for A0.
7.2.1. GW170817
Figure 10 shows the multi-wavelength observations of
GW170817 and the parameter space allowed with the syn-
chrotron model presented in this work. The upper left-hand
panel shows the multiwavelength data points of GW170817
with the best-fit curves obtained with the structured jet model
presented in Fraija et al. (2019d) and a possible synchrotron
contribution emitted by the deceleration of the non-relativistic
ejecta. The light curves are exhibited in radio (3 and 6 GHz),
optical (at the F606W filter) and X-ray (1 keV) bands. The
upper right-hand panel and the lower panels show the allowed
parameter space of the uniform density of the circumstellar
medium (n), the velocity of the non-relativistic ejecta (β), the
index of the PL distribution (α) and the microphysical param-
eters (e and B) for the fiducial energy E˜K = 1049 erg (Ho-
tokezaka and Piran 2015; Fraija et al. 2019d), and the spectral
index p = 2.15 (Hajela et al. 2019; Lazzati et al. 2018). We
use the value of the microphysical parameter e = 10−1 and
α = 3.0 in the upper left-hand panel, B = 10−3 and α = 3.0
in the lower right-hand panel and e = 10−1 and B = 10−3
in the lower left-hand panel. The allowed parameter spaces
are obtained using the data points in radio, optical and X-ray
as upper limits. In order to illustrate the synchrotron light
curves generated by the deceleration of the non-relativistic
ejecta as shown in the upper left-hand panel, we consider a
set of values from the parameter space.
Taking into account the velocity of β = 0.3 and α = 3
which are the reported values for the “blue” KN (Metzger
2019), the ranges of parameters allowed in our model (5 ×
10−2 . e . 0.2, 10−3 . B . 10−2, 10−3 . n .
10−2 cm−3) are similar to those reported from the descrip-
tion of the multi-wavelegth observations by deceleration of
relativistic structured/top-hat outflows. For instance, the val-
ues e = 0.15, B = 5 × 10−3, and n = 4 × 10−3 cm−3
for β ≈ 0.3 strongly agree with the values reported in Hajela
et al. (2019).
7.2.2. S190814bv
Figure 11 shows the multi-wavelength upper limits of
S190814bv and the parameter space ruled out with the syn-
chrotron model presented in this work. The upper left-hand
panel shows the multi-wavelength upper limits and the light
curves in X-ray, optical, near-IR and radio bands at 1 keV,
R-band, Ks-band and 943 MHz, respectively. In order to
rule out the parameters n, α, β, e and B, these upper lim-
its are considered. The lower panels show the parameter
spaces which are ruled out in our model for the fiducial en-
ergy E˜ = 1050 erg and the spectral index p = 2.6. We use the
value of the microphysical parameters e = 10−1 and α = 3
in the upper right-hand panel, B = 10−2 and α = 3 in the
lower left-hand panel and e = 10−1 and B = 10−2 in the
lower right-hand panel. These panels display that a uniform-
density n & 0.6 cm−3 is ruled out in our model for the pa-
rameters in the range of 3 . α . 5.2, 0.1 . e . 0.9 and
10−2 . B . 0.1 for β > 0.33. In order to illustrate the
synchrotron light curves in the X-ray, optical, near-IR and ra-
dio bands generated by the deceleration of the non-relativistic
ejecta as shown in the upper panel, we consider a set of pa-
rameters selected from the lower panels (β = 0.39, α = 3,
B = 0.1, e = 0.3 and n = 1 cm−3). In this panel it can be
observed that the predicted radio flux is above the upper limit
at 37 days.
The value of the uniform-density medium ruled out in our
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model is consistent with the value of densities derived by Do-
bie et al. (2019); Ackley et al. (2020); Gomez et al. (2019)
using distinct off-axis jet models. Further observations on
timescales of years post-merger are needed to derive tighter
constraints and therefore, to increase (decrease) the parame-
ter space ruled out (allowed) in our model. The value allowed
of the power index α = 3 in our theoretical model agrees with
the values found in numerical simulations (e.g., see Bauswein
et al. 2013) and used for describing the KN emission (Metzger
2017, 2019).
7.3. A diversity range of KN features
Disentangling the properties of KNe is an important point
especially given the association of sGRBs with the GWs. The
detection of GRB 170817A, AT 2017gfo and GW170817 has
paved the way on the nature of sGRBs as the coalescence of
NS mergers. The evident KN signature in GW170817 pro-
vided the chance to estimate their detectability in sGRBs and
the variability in their features. Since sGRBs are usually
discovered via detection of the γ-ray prompt emission from
the relativistic jet, they are typically observed where the af-
terglow is brighter and thus most probably obscure the KN.
This emission with its more isotropic component is easier to
be seen at angles far away from the sGRB jet (Metzger and
Berger 2012). Despite this, it has been possible to determine
only four claimed KNe with different features to AT 2017gfo.
SGRBs associated to the claimed KNe are GRB 050709 (Jin
et al. 2016), GRB 060614 (Yang et al. 2015), GRB 130603B
(Tanvir et al. 2013; Berger et al. 2013) and GRB 160821B
(Kasliwal et al. 2017a; Troja et al. 2019). For instance, while
KN associated to GRB 060614 is much brighter (2 or 3 times)
than the interpolated KN model fit at the time of the observa-
tions, KN associated to GRB 160821B is less bright than AT
2017gfo.
Gompertz et al. (2018) analyzed a sample of 23 short nearby
(z ≤ 0.5) GRBs to compare the optical and near-IR light
curves with AT 2017gfo. They considered short bursts, fol-
lowing the historical classification, the ones with T90 ≤ 2 s
and also the class of the sGRBs with extended emission (Nor-
ris and Bonnell 2006; Dainotti et al. 2010, 2016, 2017a,b).
This comparison enables to characterize their diversity in
terms of their brightness distribution. Gompertz et al. (2018)
found that for four sGRBs: 050509B, 051210, 061201, and
080905A, a KN of the same brightness of AT 2017gfo could
have been observed. For these bursts, deep 3 σ upper limits,
two times or more dimmer than the detections of AT 2017gfo
at comparable rest-frame times, seem to exclude the presence
of a KN like AT 2017gfo. In each case, a KN like AT 2017gfo
could have been detected if it had been present. The authors
also found that the afterglows in GRBs 150424A, 140903A
and 150101B were too bright for an AT 2017gfo-like KN to
be detected. Finally, they reported that the host galaxies of
sGRBs 061006, 071227 and 170428A were to bright, and in
six bursts there was no sufficient constraining observations re-
garding the presence of KN.
Covering 14 years of operations with Swift, Dichiara et al.
(2020) presented a systematic search for sGRBs in the lo-
cal Universe. The authors found no events at a distance
. 100 Mpc and four candidates located at . 200 Mpc.
They derived, in each case, constraining optical upper lim-
its on the onset of a “blue” KN, implying low mass ejecta
(. 10−3M).
The bursts that exclude the evidence of a KN similar to AT
2017gfo by several magnitudes together with the properties
of previously claimed KNe in sGRBs support the hypothesis
that a significant diversity exist in the properties of KN drawn
from the coalescence of compact object mergers. Therefore,
a diversity range of KN features leads a wide parameter space
of velocities, PL indices, masses, microphysical parameters
and circumburst densities as discussed in this section.
8. SUMMARY
We derived, based on analytic arguments, the dynamics
of deceleration of a non-relativistic ejecta in a circumstellar
medium with a density profile Akr−k with k = 0, 1, 1.5, 2
and 2.5 that covers short and long GRB progenitors. While
the uniform-density medium (k = 0) is expected in the
coalescence of binary compact objects and in CC-SNe, the
stratified medium (1 ≤ k ≤ 2.5) is only connected with the
death of massive stars with different mass-loss evolution at
the end of their lives. Taking into account that electrons are
accelerated during the forward shocks with a spectral index
in the range 2.2 ≤ p ≤ 3.2, we calculated the synchrotron
and SSC light curves in the fast- and slow-cooling regime
during the coasting and the deceleration phase. During
the coasting phase we considered velocities in the range
of 0.07 ≤ β ≤ 0.8 and during the deceleration phase we
assumed a PL velocity distribution ∝ β−α with 3 ≤ α ≤ 5.2
for a generic source located at 100 Mpc.
We showed the predicted synchrotron light curves in ra-
dio at 6 GHz, optical at 1 eV and X-rays at 1 keV for
typical values of GRB afterglows. All the light curves
peak on timescales from several months to a few years,
similar to those observed in some SNe such as SN2014C
and SN2016aps. However, if the ejecta mass is extremely
energetic or decelerates in a very dense medium, a peak in
the light curve could be expected in weeks.
We showed that when the non-relativistic ejecta decelerates
in a uniform density medium a flattening or rebrightening in
the light curve is expected, and when this ejecta decelerates
in a stratified medium the rebrightening in the light curves
is not so evident. Therefore, a flattening or rebrightening at
timescales from months to years in the light curve together
with GW detection would be associated with the deceleration
of a non-relativistic ejecta launched during the coalescence
of a binary compact object. Otherwise, we showed that an
observed flux that gradually decreases on timescales from
months to years could be associated with the deceleration of a
non-relativistic ejecta launched during the death of a massive
star with different mass-loss evolution at the end of its life.
The coalescence of the NS binaries launches significant
non-relativistic masses with different velocities which will
contribute at distinct timescales, frequencies and intensities.
These ejecta masses (the dynamical ejecta, the cocoon
material, the shock breakout material and the wind ejecta) in-
teract with the circumstellar medium generating non-thermal
emission. The shock breakout material peaks at timescales
from hours to days, the cocoon material peaks at timescales
from weeks to months, the dynamical ejecta peaks at years
and the disk wind ejecta peaks at centuries. We calculated
the expected gamma-ray, X-ray, optical and radio fluxes via
SSC and synchrotron emission from electrons accelerated
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in the forward shocks. These electromagnetic signatures at
different timescales and frequencies would be similar to those
detected around SNe for a uniform density medium and also
be present together with the GW detections.
We showed that variations in the density parameter could be
observed more easily i) in the radio than in the X-ray light
curve, ii) in a stratified than in a uniform density medium and
iii) for larger values of α. Therefore, a transition phase from
stellar-wind to uniform-density medium is more noticeable in
radio than X-ray bands.
We showed that, in the case of a failed or an off-axis
GRB, the non-thermal emission generated by the deceleration
of non-relativistic ejecta could be detected at early times.
In the case of an on-axis GRB, the afterglow emission
originated from deceleration of the relativistic jet would have
to decrease substantially so that the afterglow emission from
the non-relativistic ejecta could be observed. In addition, we
gave an important tool to distinguish the afterglow emission
among the non-relativistic ejecta from the relativistic jet
through the evolution of the synchrotron flux derived in eqs.
(4) and (5) for the coasting phase and in eqs. (16) and (22)
for the deceleration phase.
We estimated the contribution of the synchrotron and
SSC forward-shock model from the deceleration of the non-
relativistic ejected mass around the KN emission. We found
that the velocity of the ejecta mass around the KN emission
evolves as ∝ t− 2α+1 for t < tpk and ∝ t0 for tpk < t < tdec.
We showed that the optical and X-ray emission is too low to
be detected, unless the circumstellar density is quite high.
We stress that photons more energetic than 100 keV prior to
the KN emission can be detected in a component evolving as
t
2α+2−5p
α+1 and could also increase the opacity of the system.
We computed the predicted SSC light curves from the
deceleration of the non-relativistic ejecta mass for a density
profile with k = 0, 1, 1.5, 2 and 2.5. The effect of the
extragalactic background light (EBL) absorption modelled
in Franceschini and Rodighiero (2017) was assumed. We
showed that, when the non-relativistic ejecta decelerates in
a uniform density medium, a flattening or rebrightening in
the light curve is expected, and when, this ejecta decelerates
in a stratified medium, the rebrightening in the light curves
is not so evident. Similarly, we showed that the SSC flux is
less sensitive to changes in the density parameter for higher
frequencies than for lower ones and is more sensitive to the
density parameter for larger values of k and α.
In particular, using the multi-wavelength observations
and upper limits of GW170817 and S190814bv, we con-
strained the parameter space of the uniform density of the
circumstellar medium, the velocity of the non-relativistic
ejecta, the index of the PL distribution and the micro-
physical parameters. In the case of GW170817, we found
similar values to those reported from the description of
the multi-wavelength observations by the deceleration of
relativistic structured/top-hat outflows for typical values of
KN ejecta mass β ≈ 0.3 and α = 3 (Metzger 2017, 2019).
Therefore, we conclude that the KN afterglow scenario can
be used to constrain the afterglow parameters of relativistic
structured/top-hat outflows. In particular, the values of
e = 0.15, B = 5 × 10−3, and n = 4 × 10−3 cm−3
strongly agree with the values reported in Hajela et al. (2019).
For the case of S190814bv, we found that the value of the
uniform-density medium ruled out in our model is consistent
with the value of density derived by Dobie et al. (2019);
Ackley et al. (2020) and Gomez et al. (2019) using distinct
off-axis jet models. Further observations on timescales of
years post-merger are needed to derive tighter constraints and
therefore, to increase (decrease) the parameter space ruled
out (allowed) in our model. The value allowed of the power
index α = 3 in our theoretical model agrees with the values
found in numerical simulations (e.g., see Bauswein et al.
2013) and used for describing the KN emission (Metzger
2017, 2019).
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TABLE 1
THE RELEVANT TERMS OF THE FREE-COASTING AND DECELERATION PHASES.
k = 0 k = 1.0 k = 1.5 k = 2.0 k = 2.5
Ak 1 cm
−3 1.5× 1019 cm−2 2.7× 1028 cm− 32 3× 1036 cm−1 1.3× 1045 cm− 12
Coasting Phase
r0 (×1018 cm) 1.1 1.1 1.1 1.1 1.1
γ0m 12.4 12.4 12.4 12.4 12.4
γ0c (×104) 3.6 0.2 9.3× 10−2 0.74 1.5
νsyn,0m (Hz) 5.5× 105 2.4× 106 3.5× 105 1.2× 106 8.7× 105
νsyn,0c (Hz) 5.6× 1013 4.1× 1011 1.2× 1011 4.2× 1012 1.3× 1013
F syn,0ν,max (mJy) 4.9× 103 4.2× 105 1.2× 106 5.4× 104 1.9× 104
νssc,0m (eV) 7.1× 10−7 3.1× 10−6 4.4× 10−6 1.6× 10−6 1.1× 10−6
νssc,0c (MeV) 614.7 1.2× 102 8.3× 10−4 1.9 22.9
F ssc,0ν,max (mJy) 9.1× 10−3 15.2 87.7 0.49 8.9× 10−2
Deceleration
t0(×103 day) 2.7 1.6 1.4 12.8 28.3
r0(×1018 cm) 2.7 1.7 1.4 1.7 1.6
γ0m 25.9 16.1 14.3 28.9 34.6
γ0c (×104) 1.7 0.3 2.2 1.6 3.1
νsyn,0m (Hz) 3.45× 106 3.1× 105 3.1× 101 4.6× 106 4.7× 106
νsyn,0c (Hz) 1.6× 1013 9.8× 1011 4.5× 1011 1.3× 1013 3.9× 1013
F syn,0ν,max (mJy) 3.2× 105 1.6× 106 2.1× 106 8.3× 104 1.9× 104
νssc,0m (eV) 1.93× 10−5 6.7× 10−6 5.3× 10−6 3.2× 10−5 4.6× 10−5
νssc,0c (MeV) 39.5 8.4× 10−2 1.5× 10−2 27.3 316.1
F ssc,0ν,max (mJy) 2.1 57.6 1.1× 102 0.34 3.0× 10−2
TABLE 2
THE LATEST DATA POINTS FROM CHANDRA AFTERGLOW OBSERVATIONS OF GRB 170817A.
δt FX (0.3 - 10 keV) Fν (1 keV) ΓX
(days) (×1015 erg cm−2 s−1) (×10−7mJy)
358.6 7.75+2.70−0.73 6.77
+2.36
−0.64 1.69
+0.49
−0.34
582.2 3.25+0.85−1.03 2.76
+0.72
−0.88 1.57
741.9 2.21+0.85−0.79 1.88
+0.72
−0.67 1.57
940 1.10+0.60−0.60 0.95
+0.52
−0.52 1.585
The data points in erg cm−2 s−1 are taken from Hajela et al. (2019) and Troja et al. (2020).
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FIG. 1.— Synchrotron light curves generated by the deceleration of the non-relativistic ejecta for k = 0. Panels from top to bottom correspond to radio (1.6
GHz), optical (1 eV) and X-ray (1 keV) bands, respectively. The left-hand panels show the light curves for p = 2.6 and the right-hand panels for α = 3.0. The
following parameters E˜ = 1051 erg, A0 = 1 cm−3, B = 10−2, B = 10−1 and d = 100Mpc are used.
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FIG. 2.— The same as Figure 1, but for k = 1.0 with A1 = 1.5× 1019 cm−2.
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FIG. 3.— The same as Figure 1, but for k = 1.5 with A1.5 = 2.7× 1028 cm− 32 .
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FIG. 4.— The same as Figure 1, but for k = 2.0 with A2 = 3× 1036 cm−1.
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FIG. 5.— The same as Figure 1, but for k = 2.5 with A2.5 = 1.3× 1045 cm− 12 .
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FIG. 6.— SSC light curves generated by the deceleration of the non-relativistic ejecta for k = 0, 1, 1.5, 2 and 2.5. Panels from top to bottom correspond to
gamma-ray fluxes at 100 keV, 10 GeV and 100 GeV, respectively. The left-hand panels show the light curves for p = 2.4 and α = 3.0, and the right-hand panels
for p = 2.8 and α = 5.0. We use the same typical values that were used for the synchrotron light curves.
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FIG. 7.— SSC and synchrotron light curves generated by the non-relativistic masses ejected from NS mergers such as the dynamical ejecta (purple), the cocoon
(green), the shock breakout (blue) and the wind (gold). The left-hand panels show the synchrotron light curves which correspond to (from top to bottom) radio
(1.6 GHz), optical (1 eV) and X-ray (1 keV) bands, respectively, and the right-hand panels show the SSC light curves which correspond to (from top to bottom)
gamma-ray fluxes at 100 keV, 10 GeV and 100 GeV, respectively. The following parameters A0 = 1 cm−3, p = 2.6, α = 3.0, B = 10−1, B = 10−1 and
d = 100Mpc are used. The black solid lines correspond to an on-axis and off-axis relativistic jet with viewing angles of θ = 15◦, 30◦ and 60◦. These fluxes
are obtained in accordance with the afterglow model introduced in Fraija et al. (2019d).
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FIG. 8.— SSC and synchrotron light curves generated by the deceleration of non-relativistic masses ejected in a stellar wind medium. The left-hand panels
show the synchrotron light curves which correspond to (from top to bottom) radio (1.6 GHz), optical (1 eV) and X-ray (1 keV) bands, respectively, and the
right-hand panels show the SSC light curves which correspond to (from top to bottom) gamma-ray fluxes at 100 keV, 10 GeV and 100 GeV, respectively. The
solid purple line is for α = 3, p = 2.6, the dashed blue line is for α = 5, p = 2.6, the dotted-dashed yellow line is for α = 3.5, p = 2.2 and the dotted red line
is for α = 3.5, p = 2.8. The following parameters E˜ = 1051 erg, A2 = 3× 1036 cm−1, B = 10−2, B = 10−1 and d = 100Mpc are used.
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FIG. 9.— The multi-wavelength observations and upper limits of GRB 170817A and S190814bv at the radio, optical and X-ray bands with the synchrotron
light curves generated by the deceleration of the non-relativistic ejecta for k = 0 (see Figure 1). The upper panels show the radio observations at 3 GHz (left)
and 6 GHz (right), and the lower panels show the observations at the F606W filter (left) and 1 keV (right). The solid curves in blue for optical and X-ray are
multiplied by 60 and 1.6 × 103, respectively, to be illustrated in each panel. The data points of GRB 170817A are taken from Fong et al. (2019); Fraija et al.
(2019d); Hajela et al. (2019); Troja et al. (2020), and upper limits of S190814bv are taken from Dobie et al. (2019); Ackley et al. (2020); Evans et al. (2019).
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FIG. 10.— The upper panel shows the multi-wavelength data points of GRB 170817A with the best-fit curves obtained with the structure jet model presented
in Fraija et al. (2019d) and a possible synchrotron light curve from the deceleration of the non-relativistic ejecta. The lower panels show the allowed parameter
space of the uniform density of the circumstellar medium (n), the velocity of the non-relativistic ejecta (β) and the microphysical parameter (e and B) for the
fiducial energy E = 1049 erg, α = 3.0 and the spectral index p = 2.15. The value of the microphysical parameter e = 10−1 is used in the left-hand panel,
and B = 10−3 in the right-hand panel.
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FIG. 11.— The upper panel shows the multi-wavelength upper limits of S190814bv and the parameter space ruled out with the synchrotron model presented in
this work. The lower panels show the parameter space of the uniform density of the circumstellar medium (n), the velocity of the non-relativistic ejecta (β) and
the microphysical parameter (e and B) which is ruled out in our model for the fiducial energy E = 1050 erg, α = 3.0 and the spectral index p = 2.6. The
value of the microphysical parameter e = 10−1 is used in the left-hand panel, and B = 10−2 in the right-hand panel.
